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SUMMARY

The Advanced Fuels Campaign (AFC) within the US Department of Energy Office of Nuclear Energy
(DOE-NE) supported the conception and initial demonstration of the miniature fuel (MiniFuel) irradiation
capability in the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory. These MiniFuel
experiments are a key component of a larger effort to accelerate the qualification of novel fuel concepts and
to reduce uncertainty in fuel performance models. MiniFuel experiments to date have been conducted in
HFIR’s outer vertical experimental facility (VXF) positions. However, there is motivation to achieve
irradiation temperatures and fuel burnup accumulation rates greater than what is achievable in the VXF
positions to explore high-temperature phenomena and further accelerate fuel qualification. Therefore,
MiniFuel irradiation experiments are being considered in HFIR’s removable beryllium region, which is
closer to the fueled core than the VXF region. This report summarizes the design modifications to the
MiniFuel irradiation vehicle needed to enable high-temperature (i.e., >1,000°C) irradiation tests with rapid
burnup accumulation.
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MODIFICATIONS TO MINIFUEL VEHICLE TO ENABLE
HIGHER TEMPERATURE UO: IRRADIATION
CAPABILITIES

1. INTRODUCTION

Novel nuclear fuel concepts must undergo irradiation testing as part of the qualification process for eventual
deployment. Historically, the fuel qualification process has relied heavily on performing many integral tests
in which nuclear fuels are subjected to expected operational conditions in their prototypic geometric form
[1]. A prominent challenge associated with this approach is that numerous independent variables affect
performance and safety characteristics of nuclear fuels that are unable to be tightly controlled during
integral fuel testing. In addition, executing these integral tests generally requires large, complex experiment
designs that are specific to a narrow range of fuel parameters and operational conditions for the intended
application. The inability to control each independent variable leads to an extensive and costly test matrix
in terms of capital and time and to large uncertainties in fuel performance models. These costs can become
prohibitive and stifle innovation in new fuel concepts or in extending existing fuel concepts to a wider range
of applications (e.g., operating temperature, burnup, or power density). To mitigate these challenges and
accelerate qualifying new nuclear fuel concepts, a complimentary separate effects irradiation approach has
been proposed in coordination with integral effects tests. This approach will isolate key variables that have
the greatest impact on the progression of fuel performance throughout its operational lifetime [2]. The
testing of miniature fuel (MiniFuel) specimens in the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory has been a successful example of separate effects testing in which the size of fuel
specimens was reduced to minimize fuel temperature gradients and ensure that most of the heat produced
in the irradiation sub-capsules is generated through gamma heating [3]. This approach effectively makes
the fuel temperature independent from the fuel specimen fission rate, thus allowing for a nearly constant
temporal fuel temperature with accelerated burnup and the flexibility to test many different fuel forms
without significant changes to the irradiation vehicle.

The first MiniFuel irradiation assembly was inserted into one of HFIR’s Vertical Experiment Facilities
(VXF) in June 2018 and demonstrated the capability to perform a nearly isothermal irradiation test with
accelerated burnup accumulation and fuel temperatures held in the vicinity of 450°C-550°C [3, 4]. Since
that time, additional MiniFuel experiments have been initiated [5, 6, 7], but almost all these tests have been
limited to temperatures <900°C. For fuels such as uranium dioxide (UQ,), it has been shown that irradiation
temperatures beyond 1,000°C are necessary to observe significant fission gas release for moderate burnups
in the range of 40-50 MWd/kg-U [8]. The current work seeks to expand the MiniFuel capability by
modifying the irradiation vehicle to perform testing in HFIR’s removable beryllium (RB) reflector region.
Irradiation in the RB positions, which are closer to HFIR’s core compared with the VXF positions, will
result in higher gamma and neutron fluence rates, and therefore higher heat generation rates (HGRsS) in the
fuel specimens and sub-capsule components. Three primary motivating factors exist for expanding the
MiniFuel separate effects-testing capabilities to the RB positions: (1) the greater HGRs will enable high-
temperature (i.e., >1,000°C) testing;(2) burnup accumulation will occur more rapidly than in the VXF
positions, allowing for a faster turnaround when screening new fuel concepts; and (3) expansion to the RB
region will increase the experiment throughput by opening additional testing positions in HFIR. This report
details the design changes to the MiniFuel irradiation vehicle needed to enable testing in HFIR’s RB
positions and provides initial neutronic and thermal analyses of the modified design concept. Sensitivity
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analysis, machine learning, and optimization techniques are used to design an experiment based on a
preliminary test matrix that demonstrates the range and flexibility of the MiniFuel RB design.

2. METHODOLOGY
2.1 Geometric Modifications to the MiniFuel Irradiation Vehicle

The irradiation vehicle used for the VXF MiniFuel experiments consisted of a basket assembly that could
hold up to nine target assemblies. Each target contained six individually sealed sub-capsules, and the nine
targets were arranged in three radial and three axial positions in the basket assembly. The basket design
concept being considered for irradiation in the RB positions is based on a previous capsule-holder design
that was developed several decades ago, but the design was modified so the VXF target design is compatible
with the RB basket assembly. Reusing the target design greatly simplifies the design process since the
engineering drawings already exist and experience building the targets has already been acquired. A key
difference between the VXF basket assembly and the modified RB basket is that the latter has five radial
positions and can therefore hold up to 15 targets, compared with 9 targets in the VXF basket assembly.

Figure 1 shows three-dimensional (3D) models of the basket, target, and sub-capsule assembly models.
HFIR’s RB positions have an aluminum liner in which the basket assembly will be seated. Target locations
can be identified by a radial and axial (RA) identifier, and a specific sub-capsule location can be identified
by a radial, axial, and sub-capsule (RAS) identifier. The numeric identifiers are called out in Figure 1. The
outer surface of the target assemblies will be exposed directly to HFIR’s coolant, which flows downward
over the irradiation positions at ~50-60°C. A thimble is situated in between each sub-capsule to keep them
centered within the target housing, and two compression springs are used at the axial ends of each target to
keep the stack of sub-capsules in contact. Within each sub-capsule holder is a filler tube, silicon carbide
thermometry, cup, fuel specimen, grafoil insulators, and an end cap. The holder, filler tube, and cup are all
made of molybdenum, a refractory metal with high density, high melting point, high thermal conductivity,
high photon heat generation rate, and low chemical reactivity. The target housing is made of stainless steel
and the basket is made of aluminum 6061. For this initial design report, the fuel considered is a 3-mm
diameter disk with variable thickness.

RB Basket Assembly {Q
g ]T Irradiation Target Specimen

— Sub-Capsule

—

Centering
thimbles

5 radial positions
Cap

Insulators

Thermometry

Filler
Holder

wd 0z

Fuel disk

6 sub-capsule positions

3 axial targetg2
positions
1

Cup

Figure 1. RB irradiation vehicle.
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Each target is filled with an inert gas of either helium or a helium/argon mixture. Ideally, the majority of
nuclear heating produced inside each sub-capsule is generated from gamma heating in the nonfuel
components, as opposed to fission heating in the fuel. This reduces the sensitivity of the fuel temperature
to changes in fission heating with increasing with burnup. The fuel temperature is controlled primarily by
the thickness of the fuel disk, the gas gap between the sub-capsule holder and the target housing, and the
inert target fill gas composition. A primary contribution of this report is applying sensitivity analysis
methods and machine learning algorithms to optimize these variable parameters to reach an initial
representative set of design goals.

2.2 Neutronic Analysis

Monte Carlo neutronics methods were used to calculate neutron and photon heating in all target components
in all 15 target positions for a preliminary basket design. These calculations were performed using a version
of the MCNP5 Monte Carlo neutronics code [9], the SCALE software package [10], and the ADVANTG
[11] variance-reduction tool that are coupled together using a wrapper code called HFIRCON [12].
Beginning and end-of-cycle MCNP models of HFIR cycle 400 (April 27, 2004-May 21, 2004) [13] were
modified to include the preliminary basket assembly design in an RB position and used for the neutron and
photon heating, fission rate, and fuel burnup as a function of irradiation time in HFIR. The HFIRCON
wrapper automates a five-step process that accounts for heating from prompt- and delayed-fission neutrons,
prompt-fission photons, fission product decay photons, local @ and g heating, and photon emission from
activated materials. The HFIRCON algorithm can be described by the following five steps:

1. Run the MCNP HFIR model to acquire prompt neutron and photon heating and the neutron flux
spectrum.

2. Run another MCNP model to calculate fission product heating based on a fixed-photon source
defined by the accumulation of fission products throughout the core.

3. Input the neutron flux spectrum calculated in Step 1 into the COUPLE module within the SCALE
framework to calculate problem-specific cross section data which are then used by the SCALE
ORIGEN module to calculate @ and 8 decay heating and the gamma flux spectrum within
activated components.

4. Input the gamma flux spectrum into a third MCNP model to calculate the activation product
heating.

5. Update the MCNP model with isotopic compositions determined during the ORIGEN calculation
to allow for multicycle calculations.

ADVANTG is used in the MCNP calculations to implement variance reduction techniques to minimize the
required number of source particle histories to simulate and therefore reduce the run time while still
obtaining statistically reliable results. This calculation procedure is consistent with previous MiniFuel
calculations performed for VXF experiments [3].

For this initial design activity, all fuel specimens were assumed to be natural (0.71 wt %) enriched UOy,
and four HFIR cycles, each 26 days, were simulated with 25 days of downtime assumed between cycles.
Heating rates in W/g were calculated for all target and sub-capsule components for all 15 positions. Values
for the heating rates in the aluminum components (i.e., the liner and the basket) and direct energy deposition
in the coolant were assumed to be equivalent to values predicted in a previous HFIR safety calculation for
an experiment in an RB position.

2.3 Thermal Hydraulic Analysis

A thermal hydraulic model of the MiniFuel RB basket assembly was developed in RELAP5-3D [13] to
calculate the coolant mass flow rate through the experiment and to determine the heat transfer coefficient
(HTC) between the target housing and coolant. The HTC was later used in the convective boundary
condition in the finite element (FE) thermal model of a single target described in Section 2.4. The RELAP
model consists of an inlet time-dependent volume that flows into the open top of the liner above the basket
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assembly, after which a multijunction splits the flow into two separate channels. One channel is in between
the RB liner and the outer diameter of the basket assembly, and the other channel is a lumped flow path of
the five target holder slots within the basket. These channels were modeled as two “pipe” components in
RELAP with crossflow modeled between the pipes. The basket, the 15 targets, and the liner were modeled
as three heat structures. By separating the flow paths and heat structures in this fashion, the HTC between
the targets and the surrounding coolant could be isolated. A nodalization diagram of the RELAP5-3D model
is shown in Figure 2 with numeric volume identifiers. Notably, the basket and liner heat structures extend
the entire length of the basket assembly, whereas the target heat structure only extends a portion of the total
length to match the few centimeters of empty space in the basket assembly above the targets. There is also
approximately 0.5 centimeter of empty space below the targets caused by a dimensional change at the
bottom of the radial positions in the basket.

W 101 — Inlet time-dependent
volume

102 — Single junction

103 — Open liner above
basket

104 — Multijunction

105 — Channel between
liner and basket outer
diameter (pipe)

106 — Channel through 5
target slots (pipe)

107 — Lateral crossflow
between 105 and 106

IN)INI)S JLIY S)2Sae] g

AIN)ONIS JEIT 1Ysey
NNNNNRNNNRNNNNN

2IN)INI)S JEA[] JaUI]

108 — Multijunction

VIV MY IVIVIVVVY

109 — Bottom of basket
assembly to open liner
outlet

110 — Single junction

| 111 — Outlet sink volume

Figure 2. Nodalization diagram for MiniFuel basket RELAP5-3D model.

The total power applied to the model summed to approximately 45.7 kW and accounted for the heat
generated in the targets at each of the 15 positions calculated using HFIRCON, as well as the gamma heating
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in the liner, basket, and coolant based on heating rates in aluminum and water calculated in a previous
report. Although the capsule design in the reference calculation differed from the MiniFuel basket design,
the nonpublic calculation showed that the HGRs in the liner and capsule were equivalent despite their
differing geometries. That same assumption is applied here since the reference capsule and MiniFuel basket
are both aluminum. The radial dependence of power in the targets is inherently ignored by lumping all
radial target positions into a single heat structure, and the axial dependence of power was also ignored (i.e.,
a uniform axial power profile was assumed in all heat structures). These assumptions have little impact on
HTC calculations because the underlying heat transfer equations used for predicting the HTC are functions
of the basket geometry, flow conditions, and coolant thermal properties. Typical coolant flow rates through
a HFIR RB experiment are such that the expected coolant temperature rise is less than 10°C. It is therefore
reasonable to use the Dittus-Boelter approximation for single-phase heat transfer [14] with constant water
thermal properties, which is independent of local power.

The pressure drop across the RB reflector was calculated to be approximately 10 psi in a previous report.
The mass flow rate through the experiment was calculated in this analysis by setting the pressure drop
across the entire length of the model to 10 psi and then using a controller variable within RELAP to calculate
the coolant mass flow rate required to achieve that pressure drop. RELAP calculates the pressure drop as a
sum of losses due to acceleration, gravity, and friction. Form loss coefficients were included in the model
to account for momentum losses that occur at sudden cross-sectional flow area changes, including when
the coolant flows from the open liner into the top of the basket assembly, coolant inside the five target
holder channels reaches the top of the targets, and the flow exits the basket assembly into the open liner.
Frictional losses in the model depend on the Reynolds number, which in turn depends on the hydraulic
diameter in the pipes. The greatest contributor to friction and pressure losses in the model is flow around
the targets, owing to the relatively small hydraulic diameter between the targets’ outer walls and the holder
slots in the basket.

Sensitivity analysis methods were applied to the RELAP model to determine the impact of geometric
tolerances of the assembly components on the mass flow rate and HTC. Geometric tolerances of the various
assembly dimensions were assumed to be equivalent to the tolerances given on the existing engineering
drawings, which the modified MiniFuel basket was based on. A Python script was developed to randomly
sample the various dimensions (primarily diameters and lengths) within their tolerances and then calculate
the cross-sectional flow areas, hydraulic diameters, lengths, heat transfer surface areas, and form loss
coefficients required by the RELAP model. A template of the model was created, which the Python script
would then auto-populate to generate a working RELAP input deck. This methodology was used to ensure
that the mass flow rate was within acceptable limits from a HFIR safety perspective and to determine the
potential range of HTCs that may need to be considered in the FE thermal model of a single target.

2.4 Finite Element Thermal Analysis

FE thermal analysis was performed using a quarter-symmetry model of a single MiniFuel target developed
in the commercial FE software package ANSYS. The target model used was adapted from ANSYS models
used in previous MiniFuel works [3, 15, 16] and used custom macro programs for calculating thermal
contact conductance through variable gas gaps [17]. Temperature-dependent material properties were
implemented for each of the nonfuel components, as previously described by Petrie et al. [3]. The thermal
property files are maintained internally and have been reviewed for quality assurance. Temperature,
theoretical density, and burnup-dependent properties were implemented for the UO; fuel disks [18, 19]. A
theoretical density of 95% was assumed, and a Python script was used to read the fuel burnup predicted
using HFIRCON into ANSYS. The Python script was also used to read heat generation rates for each target
component based on the number of days and position in HFIR and set the internal heat generation in each
component in the ANSYS model. A convective boundary condition was applied to the outer surface of the
target housing using a bulk coolant temperature of 58°C (the average HFIR coolant temperature), and the
HTC was set based on the results of the RELAP5-3D calculations described in Section 2.3. A mesh
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refinement study was performed in which the element size in the fuel and all nonfuel components was
reduced until predictions in maximum fuel temperature changed by less than 1°C. The resulting element
sizes are 0.1 mm in the fuel disks and 0.5 mm in nonfuel components. Figure 3 shows the quarter-symmetry
ANSYS model of the target.

Figure 3. Quarter symmetry target model.

Parametric design and reduced-order modeling (ROM) techniques were applied to identify designs for
meeting representative test matrix requirements. The key parameters that can be varied to achieve a suitable
target design are the gas gap thickness between each sub-capsule and the target housing; the fill gas
composition (helium, argon, or a mixture); the fuel disk thickness; and the radial and axial position of the
target within the basket, which changes the heat generation rate within each target component. The
parametric design studies also varied the number of days that the target has been irradiated in HFIR, which
in turn impacts heat generation rates and the thermal conductivity of the fuel, which is both temperature
and burnup dependent. An ideal design is one that meets a desired average fuel temperature (e.g., 1,000°C,
1,100°C, and 1,300°C, potentially all within a single target) while minimizing the spatial and temporal AT
experienced in the fuel disk. Minimizing the fuel AT is an essential feature of MiniFuel tests because the
primary goal of these experiments is to produce single-effects results in which the impact of a single
independent variable, such as temperature and burnup, can be isolated.
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3. RESULTS

3.1 Neutronic Results

For each 26 day irradiation cycle, HFIRCON simulations were performed at the start of the cycle (day 0)
and on days 1, 3, 5, 10, 15, 20, 22, 24, and 26. The HGRs in fuel and nonfuel sub-capsule components vary
significantly with the spatial location of the sub-capsule within the MiniFuel basket assembly. In a single
sub-capsule, the nonfuel component that generates the most heat is the sub-capsule holder. Figure 4 shows
the total capsules with the highest and lowest HGRs within the holder material (refer to Figure 1 for
component designations) as a function of days in HFIR for the sub-capsule holders with the highest and
lowest average HGR based on their location in the basket. Each data point on the figure corresponds to the
days for which a HFIRCON calculation was performed. The total HGRs include prompt and delayed
neutron and gamma heating, although HGRs in the holder material are attributed approximately 93-96% to
gamma heating. The RAS positions corresponding to the highest and lowest holder HGRs shown in Figure
4 are 124 and 436, respectively. Figure 5 shows the axial variation in total gamma HGRs generated by the
holder material at the beginning, middle, and end of the fourth HFIR cycle in the radial position nearest to
HFIR’s core. Together, Figures 4 and 5 show the variation of HGRs in the holder material due to spatial
and temporal effects. Other sub-capsule materials generate less heat than the sub-capsule holder but
experience similar relative spatial and temporal HGR variations.

Figures 6 and 7 show similar distributions of the total HGR from fission and gamma heating in the fuel
specimens. In Figure 6, the total HGR as a function of time is shown for the fuel specimens with the highest
and lowest total HGRs on average, which occur in RAS positions 124 and 111, respectively. The gaps
between data points occurring from 27-51 days, 78-102 days, and 130-154 days in Figures 4 and 6
correspond to reactor downtime between the four cycles modeled in HFIRCON. Figures 4 and 6 also show
a large increase in HGR between the first and second day of each HFIR cycle, which is caused by the
movement of HFIR’s control blades and the initial accumulation of fission products in the HFIR fuel. From
the beginning of cycle (BOC) 4, to the middle of cycle (MOC) 4, to the end of cycle (EOC) 4, the HGRs in
nonfuel components show an approximate 15%—22% increase, and the fuel specimens show a 30%-150%
increase in HGR. The largest increases in fuel HGRs occur in the specimens in the highest and lowest axial
positions.

=
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Figure 4. Total HGRs of the sub-capsule holders with the highest and lowest HGRs on average.
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Figure 8 compares the fuel fission HGR only (gamma heating ignored) and burnup of natural UO; in the
sub-capsule located nearest to HFIR’s core in @ VXF position [3] vs. the RB position. The RB data were
adjusted to have 15 day downtimes between cycles to reflect the same reactor downtime assumed in
previous VXF work. This adjustment has no impact on the burnup since burnup is not accumulated when
the reactor is off. The figure shows that the fission HGR in the fuel reaches approximately 367 W/g in the
RB position after the initial buildup of fission products and plutonium breeding that occur in the first two
cycles, and the fission HGR in the VXF position reaches about 150 W/g. The fission HGR and burnup
accumulation rate is approximately 2.25 times greater in the RB position compared with the VXF position.
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Figure 8. Fuel HGR from fission only and burnup in the RB and VXF positions for the fuel
specimen nearest to HFIR’s core.
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3.2 Thermal Hydraulic Results

A total of 753 RELAP calculations were performed to determine the range of possible mass flow rates and
target-to-coolant HTCs that could occur due to variations in the target and basket geometry. Of the 753
calculations, one used nominal dimensions for the basket and target, one used values that led to the
minimum possible flow rate through the experiment, one used dimensions that led to the maximum possible
flow rate, and the remaining 750 randomly sampled dimensions within the tolerances specified on
engineering drawings. Figure 9 shows a histogram of the resulting mass flow rates through the MiniFuel
experiment. The results from the nominal, minimum, and maximum flow area cases are specified on the
figure, as is the minimum allowable mass flow rate according to a previous HFIR safety calculation. A
relative margin of 8.1% exists between the minimum allowable mass flow rate limit of 1.123 kg/s and the
minimum possible value of 1.214 kg/s. A maximum flow mass flow rate of 1.520 kg/s was predicted.
Previous HFIR safety calculations have been approved that predicted mass flow rates as high as 1.7 kg/s
through an RB experiment, providing evidence that this experiment will not divert too much flow from the
HFIR fuel. The relative difference between the nominal flow rate value of 1.356 kg/s and the average value
obtained from all 753 cases (1.358 kg/s) is 0.1%, and the range of the average value plus or minus 3 standard
deviations approximately matches the minimum and maximum flow area cases. This observation indicates
that a statistically reliable normal distribution of possible mass flow rates has been obtained.
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Figure 9. Histogram of mass flow rates predicted through the RB MiniFuel experiment for the
range of possible basket and target geometries.

The range of HTCs at each of the three axial target positions was predicted for each of the 753 RELAP
cases. Figure 10 shows the HTC distribution for all three axial positions separately and then for the three
positions lumped together. The figure indicates a relatively small variation in HTC as a function of axial
position and model geometry. The approximate average value from all three lumped positions of
22.5 kW/m?-K was used as the nominal value in the ANSYS models.
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3.3 Thermal Analysis

Table 1 shows an initial test matrix for a future RB MiniFuel campaign targeting improved understanding
of fission gas release in UO; as a function of temperature and burnup These goals are representative of
MOC and EOC burnups and fuel centerline temperatures in light water reactors. In addition to the average
temperature and discharge burnup goals listed in Table 1, maintaining a temporal and spatial AT that was
as low as possible and preferably no more than 100°C was also desirable.

mmm All Positions

22.00 22.25 22.50 22.75 23.00 23.25
Heat Transfer Coefficient [kW/m?2-K]

lumped together (bottom).

Table 1. Example MiniFuel test matrix.

Goal Tayg (°C) Goal Burnup (MWd/kg-U) Number of specimens
1,000 40 2
1,000 80
1,100 40 2
1,100 80 2
1,300 40 2
1,300 80 2

Through inspection of the burnup values predicted using HFIRCON, the authors found that radial and axial
(RA) positions 12 and 32 (refer to Figure 1 for RA identifiers and position relative to HFIR’s core) were
the most suitable for achieving the desired discharge burnups in as few irradiation cycles as possible. The
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six fuel specimens in RA position 12 are predicted to have burnups ranging from 35.8-38.9 MWd/kg-U at
the end of the fourth irradiation cycle, slightly less than the minimum desired burnup of 40 MWd/kg-U
listed in Table 1 Linear extrapolation was used to predict burnups after the fourth cycle, and the target in
RA position 32 was calculated to reach 76.1-81.4 MWd/kg-U after nine irradiation cycles.

To accelerate design efforts, a series of ANSYS calculations were performed to determine the sensitivity
of the fuel sample average temperature and spatial AT to the gas gap thickness between the sub-capsule and
the target housing, the fuel and nonfuel HGRs as a function of burnup and spatial position, and the thickness
of the fuel specimens. The authors ran 850 ANSYS cases in which the gas gap thickness varied from 0.5—
0.75 mm, the fuel disk thickness was varied from 0.3-1.0 mm, and target positions and days of irradiation
were selected so that the entire range of HGRs and burnups were encountered in the sensitivity analysis.
The target fill gas was assumed to be pure helium. These gas gap and fuel thickness ranges were selected
based on engineering judgment obtained from previous VXF MiniFuel experiment builds. A Python script
was developed to read the entirety of the HFIRCON data and ANSY'S sensitivity results and used the scikit-
learn module [20] to create a ROM based on surface fit to the data using quadratic regression. Subsequently,
the results showed that a helium-argon fill gas mixture and gas gap and fuel specimen thicknesses outside
the tested range would be required to obtain fuel specimen average temperatures from 1,000-1,300°C and
maintain a spatial AT below 100°C all within a single target. Therefore, the ROM was not able to predict a
design that met the goals listed in Table 1. However, the ROM was able to give a rough starting point that
predicted fuel temperatures within approximately 50°C of the design goals, which could then be iterated in
ANSYS to achieve the design goals. Future work will include a wider range of variables in an ANSYS
sensitivity analysis to improve the accuracy and usability of a ROM with much less computational cost
compared with ANSYS.

A summary of the target designs that met the design goals listed in Table 1 are given in Table 2. The two
target designs used the same fuel disk thicknesses and nearly identical gas gap thicknesses, but the RA=12
target required an 80% helium/20% argon fill gas mixture, while the RA=32 target required a
63% helium/37% argon fill gas mixture. Figure 11 shows the predicted temperature distribution in the target
internal components for position 12 using HGRs from the end of the fourth irradiation cycle and applying
the design parameters listed in Table 2. The maximum HGR experienced over the four irradiation cycles
was used in Figure 11 which caused the peak fuel temperature to exceed the design goal. The target designs
listed in Table 2 were obtained using HGR and burnup values from the middle of the third irradiation cycle,
which are approximate average HGRs for the entire irradiation time.

Table 2. Target design parameters that meet example design goals.

Sub-cansule Gas gap thickness Gas gap Fuel disk thickness
ositlioon (mm) thickness (mm) (mm) (same values Design Tayg (°C)
P (RA=12) (RA=32) used in both designs)
1 0.539 0.5 0.25 1,000
2 0.564 0.564 0.275 1,100
3 1.0 1.0 0.3 1,300
4 0.929 0.929 0.3 1,300
5 0.554 0.554 0.275 1,100
6 0.5 0.5 0.25 1,000
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Figure 11. Target internal temperature distributions (in °C) for position RA=12 at EOC 4 showing
all sub-capsule positions (top), the hottest sub-capsule (bottom left), and the fuel specimen in the
hottest sub-capsule (bottom right).

Figures 12 and 13 show the fuel temperatures predicted for both target designs as a function of time in
HFIR (the 26 day irradiation time and 25 day downtime is included for all cycles). Temperatures were
calculated using HGRs from the first, second, thirteenth, and twenty-sixth day in each cycle to show how
the fuel starts at a relatively low temperature and heats up throughout the cycle. In the figures, markers
indicate the average fuel temperature and error bars represent the range from the minimum to maximum
spatial fuel temperatures. Figure 14 plots the spatial AT within the fuel specimens in target RA position
RA=12 as a function of irradiation time. Spatial AT predictions within the fuel specimens of target position
RA=32 are slightly less than those in target position RA=12 but follow a similar general trend.
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Figure 12. Predicted fuel temperatures in target position RA=12 as a function of irradiation time.
Markers represent average values and error bars represent the minimum to maximum range.
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Figure 13. Predicted fuel temperatures in target position RA=32 as a function of irradiation time.
Markers represent average values and error bars represent the minimum to maximum range.
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Figure 14. Spatial AT in target position 12 as a function of irradiation time. S indicates sub-capsule
position.

Figures 12—14 show that the design goals listed in Table 1 can be met while maintaining spatial AT values
below 100°C for fuel disk thicknesses from 0.25 to 0.3 mm. The maximum spatial AT that occurred in
positions 12 and 32 were 94.4°C and 83.3°C and occurred in RAS positions 123 and 324, respectively.
These maxima both occur on the last day of the fourth irradiation cycle.

The maximum AT within a single fuel specimen across all spatial and temporal data points occurred in RAS
position 123 and was 348.4°C, meaning that the minimum fuel temperature in the specimen RAS=123 that
occurred at any time during the 4 cycle irradiation subtracted from the maximum fuel temperature in that
specimen during the 4 cycle irradiation equaled 348.4°C. The minimum AT within a single fuel specimen
across all spatial and temporal data points occurred in RAS position 321 and was 247.9°C. In each case,
roughly half of the temporal AT is attributed to the buildup of fission products and plutonium breeding that
occurs over the first irradiation cycle and the movement of HFIR’s control blades on the first day of each
subsequent cycle.

4. SUMMARY AND CONCLUSIONS

This report details an initial MiniFuel design activity for high-temperature irradiation experiments of natural
UO; in one of HFIR’s RB locations. The motivation for this work is the need to accelerate fuel qualification
using controlled, separate effects irradiation testing with accelerated burnup accumulation. In the case of
UO:-based fuels, a need also exists to increase irradiation temperatures beyond the limitations of previous
irradiation facilities. Neutronics, hydraulics, and FE thermal analyses, complemented by sensitivity analysis
methods, were performed to design a pair of MiniFuel targets that met a representative set of design goals.
Irradiation in the RB position was shown to achieve HGRs and burnup accumulation rates approximately
2.25 times higher than irradiation experiments previously conducted in HFIR’s VXF positions, which are
farther from the reactor core. This outcome highlights one of the primary advantages of conducting
MiniFuel experiments in the RB region. RELAP5-3D was used to model coolant flow and HTCs through
the MiniFuel experiment and showed that the predicted mass flow rate was acceptable, even when the
geometry of the design was varied within its dimensional tolerances. The range of HTCs predicted by
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RELAP were shown to be inconsequential to fuel temperatures predicted using an FE ANSYS model.
ANSYS was used in conjunction with an early-stage ROM developed in Python to design a set of targets
that could achieve average fuel temperatures of 1,000°C, 1,100°C, and 1,300°C while maintaining a spatial
AT below 100°C. The designed targets could be removed from HFIR at the end of irradiation cycles 4 and
9 so that the fuel specimens have burnup values of approximately 36-39 and 78-81 MWd/kg-U. The design
temperatures presented in this report were at or above 1,000°C and were obtained by orienting the targets
at HFIR’s midplane and near the core. Lower temperatures could be achieved if desired in targets above or
below the midplane and farther from the core. Future work may determine whether fuel temperature
variation greater than 1000-1300°C is achievable within a single target. Engineering drawings of the
modified RB basket and targets have been compiled, and future design activities will focus on program-
and vendor-specific goals.
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